Despite extensive study in many malignancies, maintenance therapy has clinically benefited only two diseases: acute lymphocytic leukemia (ALL) and acute promyelocytic leukemia (APL). ALL maintenance therapy utilizes low-dose 6-mercaptopurine (6MP) and methotrexate (MTX), while maintenance in APL primarily consists of all-trans-retinoic acid (ATRA). 6MP and MTX as used in ALL are also now usually added to maintenance ATRA for APL, based on data suggesting an improved disease-free survival. Although the mechanism of action of MTX and 6MP as maintenance is unknown, low-dose cytotoxic agents are potent inducers of differentiation in vitro. Thus, we studied whether maintenance therapy in ALL, like ATRA in APL, may be inducing terminal differentiation of ALL progenitors. The APL cell line NB4, the ALL cell lines REH and RS4;11, and patients' ALL blasts were incubated with ATRA, 6MP, and MTX in vitro. All three drugs inhibited the clonogenic growth of the APL and ALL cell lines without inducing immediate apoptosis, but associated with induction of phenotypic differentiation. The three drugs similarly upregulated lymphoid antigen expression, while decreasing CD34 expression, on patients' ALL blasts. These data suggest that induction of leukemia progenitor differentiation plays an important role in the mechanism of action of maintenance therapy in ALL.
Introduction
The treatment of newly diagnosed acute lymphocytic leukemia (ALL) is divided into two broad phases: remission induction therapy and post-remission therapy. Induction therapy is aimed at eliminating the overt leukemia and its severe toxicities resulting from infiltration of the bone marrow and other tissues. ALL post-remission therapy usually consists of one or more cycles of intermediate-dose chemotherapy, usually termed intensification/consolidation, followed by maintenance therapy. Maintenance therapy, prolonged low-dose cytotoxic chemotherapy given over 1-2 years, targets the minimal residual disease persisting after intensive treatment. Initial induction therapy now results in complete remissions for more than 90% of both children and adults with ALL; interestingly, although these impressive responses translate into cures for most children, less than one-third of adults with ALL are long-term survivors. [1] [2] [3] [4] Despite being extensively studied in many malignancies, prolonged low-dose post-remission maintenance therapy has clinically proved beneficial to only two diseases: ALL/lymphoblastic lymphoma and acute promyelocytic leukemia (APL). [5] [6] [7] [8] [9] [10] [11] Maintenance therapy for ALL consists of the low-dose cytotoxic agents 6-mercaptopurine (6MP) and methotrexate (MTX), and maintenance in APL has primarily been all-trans-retinoic acid (ATRA). Although the mechanisms responsible for the antileukemic effect of maintenance therapy in ALL remain unclear, the major mode of action of ATRA in APL appears to be its ability to induce the terminal differentiation of leukemia progenitors. 12 In normal tissue, self-renewal potential is lost as cells terminally differentiate; 13 likewise, ATRA induced maturation of APL progenitors appears to inhibit their replicative capacity, eventually exhausting the malignant clone.
14,15 Lowdose cytotoxic agents, including 6MP and MTX, also have potent leukemia cell differentiating activity in vitro. [16] [17] [18] Interestingly, the addition of low-dose 6MP and MTX to maintenance ATRA has been recently shown to improve disease-free survival in APL. 19 Thus, we hypothesized that maintenance therapy in ALL may also exert an anti-leukemic effect through induction of differentiation of ALL progenitors.
Materials and methods

Patient material
ALL blasts were obtained from five patients with active CD10 þ CD34 þ B precursor ALL. The median age of the patients was 29 (range 18-59 years), two were newly diagnosed, three were relapsed, four had normal cytogenetics and one showed a deletion of the long arms of both chromosomes 6 and 22. All patients granted informed consent for study of their leukemia cells as approved by the Johns Hopkins Medical Institutes Institutional Review Board. ALL blasts were isolated from freshly harvested bone marrow aspirates or peripheral blood by density centrifugation (density o1.078, Ficoll-Paque; Pharmacia, Piscataway, NJ, USA) followed by two washes with RPMI; the resulting cellular product contained 490% phenotypic blasts. ALL blasts were further isolated using mouse anti-human CD34 antibodies coupled to magnetic microbeads (Miltenyi Biotec, Auburn, CA, USA) followed by magnetic column purification (Miltenyi VarioMACS) according to the manufacturer's instructions.
Cell culture
The human APL cell line NB4 20 and the human ALL cell lines REH 21 and RS4;11 22 were maintained in complete media (CM) containing RPMI-1640 medium (GIBCO-BRL, Rockville, MD, USA), supplemented with 10% heat-inactivated fetal bovine serum (FBS; GIBCO-BRL), 50 U/ml penicillin, 50 mg/ml streptomycin and 2 mmol/l L-glutamine. Cells were seeded at a density of 1 Â 
Clonogenic assays
Following treatment, NB4, REH and RS4;11 cells were evaluated for clonogenic growth potential as described previously. 25 Briefly, cells were washed with CM to remove the drugs, and 2000 cells (NB4 and REH) or 10 000 cells (RS4;11) were placed into 1.2% methylcellulose, 30% FBS, 1% bovine serum albumin (BSA), 10 À4 M 2-mercaptoethanol and 2 mM L-glutamine. Samples were plated in quadruplicate onto 35 mm 2 tissue culture dishes and incubated in a humidified atmosphere at 371C and 5% CO 2 . Colonies consisting of 440 cells were counted using an inverted microscope at 7-14 days, and the results are presented as the mean percentage of colonies relative to the untreated media controls.
Flow cytometry
The cell lines and clinical ALL samples were analyzed for phenotypic evidence of differentiation by examining the expression of cell surface antigens as described previously. 15, 17 Briefly, NB4 cells were washed with phosphate-buffered saline containing 0.2% BSA and stained with the following antibodies for 30 min at 41C: phycoerythrin (PE)-conjugated mouse antihuman CD11b IgG1 or fluorescein isothiocyanate (FITC)-conjugated mouse anti-human CD15 IgM antibodies (Beckman Coulter, Fullerteron, CA, USA). REH, RS4;11 and clinical ALL cells were stained with FITC-conjugated mouse anti-human CD19 IgG1 and APC-conjugated mouse anti-human CD38 IgG1 antibodies (Beckman Coulter). Clinical ALL samples were also stained with PE-conjugated mouse anti-human CD34 IgG1 antibodies (Beckman Coulter). Cells were then washed to remove unbound antibody, fixed with 2% paraformaldehyde and evaluated using a FACScan flow cytometer (BectonDickinson, Mountain View, CA, USA) with a minimum acquisition of 10 000 events. Non-binding mouse IgG1 PE and FITC antibodies (Beckman Coulter) were used as controls. Results are presented as the relative mean fluorescence intensity compared to the untreated media controls as described previously. 25 After the drug incubations, cell death was also quantified by flow cytometry using annexin V-FITC to assess apoptosis and PI staining to assess later death, according to the manufacturer's instructions (BD Pharmingen, San Jose, CA, USA) and as described previously. 15 Cells were considered viable if they lacked both annexin V and PI staining.
Statistical analysis
Data are expressed as the mean7s.e.m. Comparisons between treatments were performed using a two-tailed, paired Student's t-test.
Results
6MP and MTX inhibit ALL and APL cell lines clonogenicity without direct cytotoxicity
During maintenance therapy, ALL patients generally receive oral 6MP at 50-75 mg/m 2 daily. [1] [2] [3] [4] 26 Peak plasma 6MP concentrations range from 0.01 to 1 mM, and several studies have shown that systemic exposure to 6MP during maintenance predicts the probability of relapse. [26] [27] [28] The two ALL cell lines were incubated with varying concentrations of 6MP for 72 h and then assayed for apoptosis and clonogenic growth. Following the incubations, the cells were washed to remove the drug to ensure that any loss of colony formation represented the clonogenic potential at the end of incubation rather than a direct antiproliferative effect of drug during the subsequent clonogenic assay. We found that the highest concentrations of 6MP (1 mM) achieved clinically during maintenance therapy had no direct cytotoxic effect on either ALL cell line (Table 1) , but nevertheless significantly inhibited their clonogenic capacity (Figure 1 ). 6MP similarly inhibited the clonogenic growth of the NB4 APL cell line (Figure 2a ) without producing immediate apoptosis ( Table 1) .
The dose of MTX during maintenance therapy is usually 20-25 mg/m 2 orally once a week. [1] [2] [3] [4] 26 Peak plasma levels during maintenance also range from 0.01-1 mM, although unlike 6MP, most studies have not found a correlation between clinical MTX pharmacokinetics and probability of relapse. 26, 29 MTX, at 0.01 mM for 72 h, similarly significantly inhibited the clonogenic capacity of the REH, RS4;11 ( Figure 1 ) and NB4 (Figure 2a ) cell lines without an immediate effect on apoptosis (Table 1) .
6MP, MTX and ATRA induce phenotypic differentiation of APL and ALL cell lines
Loss of clonogenic potential in the absence of direct cytotoxicity is consistent with the loss of cell self-renewal capacity though Maintenance therapy differentiates ALL TL Lin et al induction of differentiation. 15, 17, 30 Accordingly, ATRA-mediated induction of NB4 cell terminal differentiation was associated with upregulation of the myeloid antigens CD15 (Figure 2b ) and CD11b (data not shown), and inhibition of clonogenic growth (Figure 2a) , in the absence of immediate apoptosis (Table 1) as described previously. 15 Since 6MP and MTX also inhibited NB4 clonogenicity without inducing immediate apoptosis, we investigated the effects of the agents on NB4 phenotypic differentiation and both agents significantly induced upregulation of CD15 and CD11b as well (Figure 2b) .
It is now clear that most cases of ALL, like acute myelocytic leukemia (AML), arise from transformed immature hematopoietic stem/progenitor cells with self-renewal and differentiation capacity. [31] [32] [33] [34] [35] Although not as well defined as myeloid progenitor differentiation, B-cell differentiation is associated with an increase in the expression of both CD19 and CD38. [36] [37] [38] [39] At the non-cytotoxic doses that inhibited clonogenic growth of the ALL cell lines, 6MP and MTX significantly induced upregulation of CD19 and CD38 in both cell lines (Figure 3) . Interestingly, similar to its activity in APL, ATRA also significantly induced phenotypic differentiation of both cell lines ( Figure 3 ).
6MP, MTX and ATRA induce phenotypic differentiation of clinical ALL
ALL blasts were isolated from the bone marrow of five patients with ALL, and incubated with 6MP, MTX and ATRA using the same conditions as for the cell lines. Similar to the ALL cell lines, all three agents induced significantly increased expression of CD19 and CD38 on the ALL blasts (Figure 4a,b,d) . Consistent with induction of differentiation, all three agents also significantly decreased CD34 expression on the blasts (Figure 4c ).
Discussion
The failure of prolonged low-dose cytotoxic agents as maintenance therapy in most diseases [8] [9] [10] [11] is not surprising. The minimal residual disease persisting after initial treatment is generally regarded to be the most drug-resistant population of cancer cells. In fact, in most diseases, post-remission therapy aimed at eliminating minimal residual disease generally maintains initial dose intensity or even intensifies it, as exemplified by consolidation therapy for AML and stem cell transplantation following high-dose therapy for relapsed leukemia or lymphoma. Maintenance therapy differentiates ALL TL Lin et al 6MP and MTX are used throughout ALL induction and consolidation, either in combination with other drugs or, in the case of MTX, at high doses with leucovorin rescue as treatment/prophylaxis of the central nervous system and probably other sanctuary sites. In these phases of the ALL treatment paradigm, 6MP and MTX are likely behaving as conventional cytotoxic agents. However, during maintenance, these drugs are used by themselves and at low doses that clinically produce little effect on blood counts, suggesting limited direct cytotoxicity. Thus, the success of maintenance chemotherapy with low-dose 6MP and MTX in ALL remains intriguing and its mechanism of action unclear. 6MP and MTX were empirically added to ATRA maintenance in APL based on two nonrandomized studies that suggested that low-dose ALL-type maintenance could decrease the relapse rate, 40, 41 and this has been confirmed in recent phase III trials. 19 The potent differentiating activity of low-dose cytotoxic agents in vitro, [16] [17] [18] together with these clinical results, 19, 40, 41 suggested to us that 6MP and MTX may be functioning as differentiating agents clinically. We found that the concentrations of 6MP and MTX achieved clinically during maintenance therapy exhibited little direct cytotoxicity against APL and ALL cells in vitro, but nevertheless inhibited APL and ALL clonogenic growth associated with evidence of phenotypic differentiation. Our in vitro incubations with 6MP and MTX may not fully mirror the prolonged exposures seen with maintenance therapy and thus other mechanisms of action, including direct cytotoxicity, may be operative clinically. Nevertheless, the potent differentiating activity exhibited by low-dose 6MP and MTX against ALL and APL cells in vitro suggests a novel clinical mechanism of action for these agents when used as maintenance therapy in these diseases.
The success of ATRA in APL is generally considered to be the result of a unique sensitivity to differentiation caused by the fusion protein PML-RARa. However, APL cells differentiate in response to a variety of unrelated pharmacologic agents that do not signal through RARa, such as vitamin D, 42, 43 phorbol esters, 44 bryostatin-1, 15,42 arsenic trioxide 15, 45 and even typical cytotoxic anti-cancer agents (Figure 2) . 18, 46 The activity of such unrelated agents in APL suggests that a specific interaction between ATRA and PML-RARa may not be the total story underlying the sensitivity of APL to differentiation induction. Regardless of the mechanism of action, ATRA's success in APL demonstrates the potential of differentiation therapy to extinguish leukemic progenitors. Moreover, non-APL AML progenitors can be induced to undergo terminal differentiation in vitro by a variety of drugs, including retinoids, 47 histone deacetylase (HDAC) inhibitors, 17, 48 demethylating agents 49 and also lowdose cytotoxic anti-cancer agents; 17 many of these agents are currently being studied clinically in myeloid malignancies. 50 Differentiation therapy has not been extensively studied in ALL, possibly because it has been considered a disorder of malignant (differentiated) lymphocytes. However, most cases of ALL arise from transformed immature hematopoietic stem/progenitor cells with self-renewal and differentiation capacity. [31] [32] [33] [34] [35] Thus, like APL and non-APL AML progenitors, ALL progenitors might also be expected to undergo terminal differentiation in the proper setting.
The excellent initial complete response rates in both children and adults, [1] [2] [3] [4] suggests that the differentiated lymphoblasts forming the bulk of the leukemia in both age groups are exquisitely sensitive to the agents used during induction therapy. The divergent outcomes in children and adults with ALL may therefore reflect a difference in the effectiveness of maintenance therapy in the two groups. 51 It is now clear that ALL can arise from either immature lymphoid (CD34 þ CD19 þ ) progenitors 32, 35 or more primitive hematopoietic stem cells that are CD34 þ CD19 À . 31, 33, 34 It has even been suggested that 'pedia- tric-type' ALL often arises from the less primitive CD34 þ CD19 þ cells, 32 while 'adult-type' (that is, poor-risk disease more common in adults) usually arises from the CD34 þ CD19 À cells. 34 If true, 6MP and MTX may be more active against CD34 þ CD19 þ lymphoid progenitors than against more primitive CD34 þ CD19 À progenitors. Moreover, agents with activity as inducers of differentiation for malignant myeloid progenitors, such as demethylating agents or HDAC inhibitors, may have more potent differentiating activity against ALL arising from primitive hematopoietic stem cells than 6MP and MTX. If this were the case, such agents might have activity as maintenance therapy in 'adult-type' ALL patients.
